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EXECUTIVE  SUMMARY 


This  report  provides  an  overview  of  the  available  technology  and  standard  techniques  for 
millimeter-wave  photonics  at  frequencies  up  to  110  GHz.  Measured  data  for  commercial  electro¬ 
optic  phase  modulators,  electro-optic  intensity  modulators,  p-i-n  photodiodes  and  waveguide 
photodetectors  are  presented.  These  data  are  analyzed  utilizing  typical  link  gain  equations. 
Multiplexing  techniques,  which  are  not  trivial  with  W-Band  modulation,  are  described. 


E-1 


W-BAND  TECHNOLOGY  AND  TECHNIQUES  FOR  ANALOG  MILLIMETER- 
WAVE  PHOTONICS 


1  INTRODUCTION 

Analog  photonics  is  an  applied  field  with  a  rich  history  [1]  that  finds  utility  in  numerous  areas. 
An  inherent  advantage  of  photonics  over  electronics  is  the  available  bandwidth  of  the  former, 
allowing  for  frequency  coverage  from  near  DC  to  well  into  the  millimeter  wave  and  even  sub- 
THz  rages.  A  number  of  photonic  approaches  have  been  considered  for  usage  at  millimeter-wave 
frequencies,  including  bulk  fiber-optic  and  integrated  technologies  [2-4].  Whether  the 
millimeter-wave  application  is  associated  with  wireless  links  [5-7],  radio  astronomy  [8],  or 
military  systems,  the  main  components  that  determine  the  performance  are  the  electrical-to- 
optical  (E/0)  and  optical-to-electrical  (0/E)  conversion  mechanisms.  This  report  provides 
measurement  data  for  the  state-of-the-art  millimeter  wave  electro-optical  components  with 
frequency  coverage  up  to  110  GHz.  A  terse  review  of  the  most  prevalent  architectures  for  such 
applications  is  provided  in  §2.  Also  included  there  is  a  brief,  but  standalone,  mathematical 
description  that  demonstrates  the  most  important  component  parameters.  Measurements  of  such 
parameters  are  provided  in  §3  for  LiNb03  phase  and  intensity  modulators,  and  waveguide  and 
surface  illuminated  photodetectors.  Highlights  of  various  techniques  to  overcome  present-day 
component  limitations  are  provided  in  §4,  leaving  much  for  the  interested  reader  to  further 
research.  Finally,  a  short  outlook  is  given  in  §5. 


Manuscript  approved  March  13,  2015. 
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Fig.  1.  Block  diagram  for  a  fiber-optic  link  having  electrical-to-optical  (E/0)  and  optical-to-electrical 
(0/E)  conversion  stages.  In  the  case  of  intensity  modulation,  optical  phase  modulation  is  converted  directly 
to  optical  intensity  modulation  in  an  integrated  Mach-Zehnder  modulator  (MZM)  on  the  E/0  side  of  the 
link.  A  phase  modulated  link  achieves  this  conversion  on  the  back  end  of  the  link  as  part  of  the  0/E  stage. 
^Strictly,  this  axis  is  the  input  phase  differential,  where  r  is  the  differential  delay  between 

the  two  arms  in  the  interferometer. 

^Shown  for  continuous  RF  waveform  at  peak  response.  In  general,  the  RF  response  depends  on  the  time- 
domain  waveform  of  the  RF  signal  and  its  relation  to  r  . 


2  BASIC  LINK  CONFIGURATIONS 

A  simple  photonic  link  is  shown  at  the  top  of  Fig.  1 .  A  laser  is  modulated  by  an  RF  signal  in  an 
electrical-to-optical  (E/0)  conversion  block.  There  are  many  methods  that  can  be  utilized  for  this 
modulation  [1];  the  best  candidate  for  millimeter  applications  remains  LiNb03,  an  electro-optic 
crystal.  When  a  voltage  is  applied  to  such  a  crystal,  the  optical  index  of  refraction  is  linearly 
shifted,  thus  providing  a  mechanism  to  encode  RF  signals  onto  the  laser’s  phase.  Such  phase 
modulation  cannot  be  directly  detected  by  a  stand-alone  photodetector  because  they  are  sensitive 
to  intensity  modulation  only.  Therefore,  some  technique  must  be  employed  to  convert  optical 
phase  modulation  into  intensity  modulation  such  that  the  signal  can  be  recovered  in  the  RF 
domain.  The  most  common  is  a  Mach-Zehnder  modulator  (MZM),  an  integrated  interferomter 
that  exhibits  as  sinusoidal  transfer  function  as  shown  in  Fig.  1.  The  output  of  such  a  device  can 
then  undergo  optical-to-electrical  (0/E)  conversion  with  a  singular  photodetector.  On  the  other 
hand,  a  passive  phase  modulator  can  also  be  employed  for  the  E/0  stage.  There  are  many 
methods  to  convert  optical  phase  modulation  into  intensity  modulation  (see  Chapter  7  in  [1]); 
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here,  we  restrict  the  analysis  to  a  path-imblanced  Mach-Zehnder  interferometer  (MZI).  The  ideal 
actions  of  such  a  link  are  shown  in  the  bottom  of  Fig.  1.  A  linear  phase  modulation  is  applied  on 
the  E/0  side  of  the  link,  which  is  then  converted  to  intensity  modulation  via  the  sinusoidal 
transfer  function  of  the  MZI.  A  photodetector(s)  at  the  output  of  the  MZI  then  converts  the  signal 
back  into  the  electrical  domain.  Thus,  the  E/0  stage  is  an  MZI  with  a  photodetector  in  this  case. 
As  can  be  seen,  this  process  is  a  reversal  of  that  for  the  MZM-based  link  but  similar  in  many 
regards. 

A  complete  analysis  of  the  links  noted  in  Fig.  1  is  provided  in  Chapters  6  and  7  of  [1].  Flere  a 
brief  review  is  provided  for  completeness  and  in  order  to  convey  the  important  component 
parameters.  A  scalar  field  transfer  matrix  can  be  written  for  the  IMDD  case  as 
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where  (t)  =  is  the  field  at  the  output  of  the  laser  with  P  being  the  average  laser 

power  at  angular  frequency  co.  The  constant  /r  is  introduced  such  that  P  =  .  The 

term  is  the  optical  phase  shift  induced  by  the  voltage  applied  to  the  MZM.  For  the  purposes 
here,  we  consider  a  DC  bias  voltage  and  a  single  sinusoidal  RF  signal  such  that 
+ 7:{V where  Fdc  is  the  applied  bias,  E  is  the  peak  voltage  of  the 

input  signal  at  angular  frequency  Q,  and  Ei  is  the  frequency-dependent  voltage  required  to 
achieve  tt  optical  phase  shift.  Finally,  the  term  «  in  (1)  accounts  for  optical  power  loss  in  the 
link.  Using  the  same  definitions,  a  transfer  matrix  for  the  phase  modulated  link  can  be  written  as 
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where  r(r)  operates  on  a  time -dependent  field  as  Y{T^E{t^-  E{t ,  with  r  being  the 

differential  time  delay  between  the  two  arms  in  the  MZI.  Now,  detection  of  the  fields  Ey  and  Ei 
in  (1)  and  (2)  produces  photocurrents  of  the  form  [9] 

h,2  (0  “  ^dc.q  +  ^Os(^)2dc,q'2o  (^) 

00 

+  2cos(6')/de,q^J2/t(^)cos(2/cQ?)  (3) 

k=\ 

00 

±2sin(0)4q^J2„^i(x)sin[(2m  +  l)Qt] 

m=0 


where  /dc,q  is  the  DC  photocurrent  when  9  is  an  odd-integer  multiple  of  ;r/2  (quadrature 
condition)  and  J  is  a  Bessel  function  of  the  first  kind.  The  parameters  9  and  x  take  on  the  values 
=  ^^dc/^7tdc  5  5  and  =  2kV sin(;r / t)IV^  ,  where  “I”  indicates  intensity 

modulation  and  “O”  phase  modulation.  It  should  be  noted  that  (3)  is  the  ideal  photocurrent  not 
including  photodetector  effects;  the  photodiode  frequency  response  is  handled  below  in  (4)  and 
(5).  Finally,  (3)  excludes  a  constant  phase  shift  in  the  case  of  phase  modulation  that  is 
unimportant  here  but  can  arise  in  more  advanced  applications  (see  [10]). 
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The  primary  measurement  results  utilized  in  the  next  section  are  the  small-signal  RF  gain, 
obtained  from  a  vector  network  analyzer  (VNA).  Expressions  for  these  values  can  be  obtained 
from  (3)  as 


(4) 

'  n 

=4^;r"R,R„|//p,|%in2(;r/r)sin2(6»a,),  (5) 

where  Ri  and  Ro  are  the  resistances  at  the  link  input  and  output,  respectively,  and  //pd  is  the 
Fourier  transform  of  the  photodetector  circuit  impulse  response.  With  the  assumption  that  the 
quadrature  condition  is  precisely  achieved  and  that  impedances  are  matched  across  all  frequencies 
(Ri  =  Ro  =  constant)',  the  RF  response  of  the  link  is  determined  by  /dc,  and  (and  r  for  the 
phase  modulated  case).  The  /dc  term  is  frequency  independent.  Therefore  with  the  above 
assumptions,  degradations  in  5'2i  as  a  function  of  frequency  are  governed  by  and  H^d- 


*  Given  this  assumption,  degradations  to  the  frequency  response  due  to  impedance  mismatch  are  absorbed 
into  F,iand//pd. 
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3  COMPONENT  TECHNOLOGY 


The  majority  of  the  data  presented  in  this  section  were  obtained  with  a  calibrated  vector  network 
analyzer  (VNA).  The  instrument  was  an  Agilent  Technologies  PNA-X  N5247A  mainframe  with 
67  GHz  of  range  coupled  to  N5260  extender  modules  for  the  110  GHz  data.  The  links  were 
arranged  for  a  standard  four-port  measurement,  with  the  VNA  source  (Port  1)  input  to  the 
external  modulator  and  the  photodetector  output  coupled  to  Port  2  on  the  VNA.  The  resulting 
data  are  presented  at  the  end  of  this  section  with  a  description  of  the  links  in  the  following. 

Shown  in  Fig.  2  are  the  measured  gain  and  reflection  coefficient  from  the  input  for  a  link 
employing  an  MZM  and  singular  photodetector.  The  MZM  was  a  LiNb03  device  with  a  side-fed 
1.0-mm  input,  EOSPACE  M/N  AZ-DV5-100-PFA-PFA-UWB-SNR613  and  S/N  329226.  The 
photodetector  was  of  the  waveguide  variety,  a  U^T  M/N  XPDV4120R-WP-FP  with  S/N  89775 
B9W.0163.  For  the  data  in  Fig.  2,  the  MZM  was  biased  at  quadrature  and  the  received 
photocurrent  was  3.75  mA.  As  can  be  seen,  there  are  three  nulls  in  the  frequency  response  and 
these  are  all  attributed  to  the  MZM.  The  normalized  photodetector  response  is  shown  in  Fig.  3,  a 
digitized  version  of  the  curve  provided  by  the  manufacturer  of  the  device.  A  two-piece,  fourth- 
order  polynomial  curve  was  fit  to  these  data  such  that  the  photodetector  response  could  be 
removed  from  the  link  response  in  Fig.  2.  The  results  of  this  practice  are  shown  in  Fig.  3,  where 
the  plot  for  the  entire  link  and  that  with  the  photodetector  contribution  removed  are  depicted.  As 
can  be  seen  there,  the  photodetector  does  not  degrade  the  response  below  67  GHz.  The  black 

curve  in  Fig.  3  therefore  constitutes  a  measurement  of  (4)  with  =1  and  sin  (0jj  =  l. 

Assuming  that  Ri  =  Ro  =  50  Q  and  inserting  /dc  =  3.75  mA,  can  be  plotted  as  a  function  of 
frequency  as  in  Fig.  5.  Note  that  this  is  an  effective  V^,  capturing  all  of  the  imperfections  of  the 
packaged  MZM,  and  should  not  necessarily  be  tied  directly  to  the  crystal’s  electro-optic 
coefficient.  The  same  MZM  was  being  reevaluated  at  a  later  date,  the  results  of  which  are  shown 
in  Fig.  6.  The  parameters  and  setup  are  identical  to  the  previous  measurement  with  the  exception 
that  /dc  =  2  mA.  As  can  be  seen  a  significant  degradation  in  the  response  was  observed,  which 
has  been  attributed  to  the  electrode  mount  to  the  crystal.  No  notable  events  occurred  with  the 
MZM  between  measurements,  highlighting  the  potential  delicacy  of  millimeter-wave  electrodes. 
The  unit  is  presently  out  for  evaluation  and  possible  repair  by  the  manufacturer. 

Measured  data  for  three  EiNb03  phase  modulators  are  shown  in  Figs.  7  and  8.  The  three 
devices  are  labeled  as  follows:  PMl:  EOSPACE  PM-WWtop-PFA-PFA-NRE  with  S/N  329612, 
PM2:  EOSPACE  PM-DV5-PFA-UWB-SNR613  with  S/N  329016,  and  PM3:  Phase  Sensitive 
Innovations  packaged  prototype  labeled  EM05.  For  all  three  modulators,  an  MZl  with  r=  375  ps 
biased  at  quadrature  was  employed  with  a  single  photodetector  (U^T  M/N  XPDV4120R-WP-FP 
with  S/N  89775  B9W.0163)  operating  at  /dc  =  2  mA.  The  data  in  Fig.  7  show  the  link  response 
without  any  corrections.  The  periodic  nature  as  described  by  (5)  is  evident.  Figure  8  shows 
points  from  Fig.  7  for  each  phase  modulator  spaced  every  2.67  GHz  (l/r)  at  the  peak  response 
points  where  sin^  )  =  1 ,  and  with  the  photodetector  response  removed  as  described  above. 

Six  millimeter-wave  photodetectors  were  also  evaluated  as  shown  in  Fig.  9  and  10.  Four 
surface-illuminated  devices  and  two  waveguide  devices  were  tested.  The  four  surface- 
illuminated  photodiodes  were  all  from  Discovery  Semiconductor  with  model  numbers  DSC20 
(S/N  210001),  DSC20H  (S/N  220369),  DSC  1  OH  (S/N  20436),  and  DSCIOER  (S/N  100198).  The 
two  waveguide  photodetectors  were  manufactured  by  U^T,  model  numbers  XPDV3120R  (S/N 
132373  B912849)  and  XPDV4120R-WP-FP  (S/N  89775  B9W.0163).  For  all  the  data  in  Fig.  9, 
PMl  and  the  375-ps  MZl  were  used,  with  each  photodetector  adjusted  to  /dc  =  2  mA.  The 
response  of  the  photodetectors  can  be  compared  by  using  the  PMl  data  in  Fig.  8  along  with  (5) — 
this  method  is  redundant  for  the  110  GHz  photodetector.  The  results,  assuming  that  Ri  =  Ro  =  50 
Q,  are  shown  in  Fig.  10. 
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Fig.  2.  Measured  RF  gain  (|52ip)  and  input  reflection  coefficient  (|5ii|^)  for  an  intensity  modulation  direct 
detection  link  utilizing  an  EOSPACE  MZM  (S/N  329226)  and  a  U^T  photodetector  (S/N  89775 
B9W.0163).  The  average  photocurrent  was  /dc  =  3.75  mA. 


Frequency  (GHz) 

Fig.  3.  Response  for  U^T  photodetector  (S/N  89775  B9W.0163)  used  to  isolate  modulator  responses.  The 
red  circles  are  data  provided  by  the  vendor.  Lines  designate  a  piece-wise  polynomial  employed  to  calculate 
the  response  as  a  function  of  frequency. 
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Fig.  4.  Measured  responses  for  an  IMDD  link  repeated  from  Fig.  2  (green)  and  the  response  of  the  MZM 
only  (black)  with  contributions  from  the  photodetector  removed,  as  obtained  utilizing  the  data  in  Fig.  3. 
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Fig.  5.  Calculated  half-wave  voltage  for  the  MZM  in  Fig.  4,  obtained  by  applying  (4)  to  the  black  curve. 
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Fig.  6.  Measured  response  using  the  same  components  as  in  Fig.  2  but  at  a  later  date  and  with  /dc  =  2mA. 
The  significant  degradation  in  the  response  is  attributed  to  the  MZM. 
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Fig.  7.  Measured  response  of  phase-modulated  links  utilizing  an  MZI  having  x=  375  ps.  The  three  devices 
shown  are  an  EOSPACE  S/N  329612  (PMl),  EOSPACE  S/N  329016  (PM2)  and  Phase  Sensitive 
Innovations  M/N  LM05  (PM3).  For  these  data,  a  U^T  photodetector  (S/N  89775  B9W.0163)  operated  at  /dc 
=  2  mA  was  employed. 
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Fig.  8.  Responses  for  the  phase  modulators  in  Fig.  7,  with  data  points  taken  at  the  peaks  of  the  MZI  fdter 
function  and  with  the  response  of  the  photodetector  removed  using  Fig.  3. 
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Fig.  9.  Measured  data  for  phase  modulated  links  employing  various  millimeter-wave  photodetectors.  The 
same  modulator  was  used  for  all  curves,  EOSPACE  S/N  329612,  and  /jc  =  2  mA  for  each  detector.  Data 
are  shown  for  U^T  S/Ns  89775  B9W.0163  (U2T  HOG)  and  132373  B912849  (U2T  75G),  and  Discovery 
Semiconductor  S/Ns  100198  (DSCIOER),  20436  (DSClOH),  220369  (DSC20H)  and  210001  (DSC20). 
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Fig.  10.  Data  for  the  photodetectors  in  Fig.  9  with  the  phase  modulator  response  removed  by  using  the  data 
in  Fig.  8  for  PMl. 
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TABLE  1:  FIVE-CHANNEL  WDM  GRID  FOR  W-BAND  APPLICATIONS 


191.4 

1566.31 

192.4 

1558.17 

193.4 

1550.12 

194.4 

1542.14 

195.4 

1534.25 

4  MULTIPLEXING  TECHNIQUES 

There  are  a  number  of  multiplexing  techniques  that  are  employed  for  industrial  communications, 
where  independent  signals  can  be  encoded  onto  various  different  properties  of  light  in  order  to 
increase  the  capacity  of  long-haul  fiber-optic  cables.  Reviews  of  the  various  techniques  have  been 
presented  in  numerous  publications;  two  complimentary  works  are  [11]  and  [12],  The  most 
widespread  is  what  is  known  as  wavelength  division  multiplexing  (WDM),  a  technique  that  dates 
to  the  beginning  of  modern  fiber-optic  networks  [13],  As  an  example,  many  fiber-to-the- 
premises  (FTTP)  architectures  employ  1550-  and  1490-nm  downlinks  with  1 3 1 0-nm  uplinks  [14], 
Much  finer  channel  spacing  is  used  in  dense  WDM,  or  DWDM,  where  the  frequency  spacing  can 
be  as  small  as  12.5  GHz  [15].  When  the  channel  spacing  is  on  the  order  of  the  data  rate,  it  is 
sometimes  referred  to  as  frequency  division  multiplexing  (FDM).  Orthogonal  FDM  (OFDM)  is  a 
technique  where  an  information  stream  is  subdivided  into  lower  rate  sub-channels  [16].  Both 
FDM  and  OFDM  require  precise  control  of  the  optical  channels.  A  technique  similar  to  OFDM 
but  implemented  in  the  time  domain  is  time  division  multiplexing  (TDM)  [17].  A  single  optical 
signal  can  be  modulated  by  separate  RF  subcarriers  each  carrying  independent  information,  a 
technique  termed  sub-carrier  multiplexing  long  ago  [18-20].  Two  orthogonal  polarizations  of 
single  optical  wavelength  can  be  modulated  separately  in  polarization  division  multiplexing 
(PDM)  [21].  Optical  code  division  multiple  access  (CDMA)  is  a  technique  where  coding,  or 
signature  sequences,  are  employed  on  spectrally  and  temporally  overlapping  signals  that  can  be 
separated  with  correlation  techniques  and  matched  filtering  [22-24].  Another  option  is  mode- 
division  multiplexing  [25],  where  separate  modes  in  a  multi-mode  waveguide  can  carry  different 
information.  Alternatively,  what  has  come  to  be  known  as  space  division  multiplexing  (SDM) 
[26]  utilizes  separate  single  modes  in  photonic  crystal  fibers  [27]  or  multicore  fibers  [28]. 

There  are  cases  in  analog  photonic  applications  where  the  same  RF  signal  requires 
distribution  to  different  physical  locations  and/or  processing  through  separate  optical  paths.  In 
these  cases,  the  first  considerations  should  be  to  leverage  the  existing  techniques  described  above. 
Previously  demonstrated  systems  for  analog  signals  include  WDM  [29,  30],  tapered  fibers  [31,32] 
and  multicore  fibers  [33],  among  others.  For  the  purposes  of  distributing  a  single  RF  signal, 
WDM  is  the  most  straightforward  multiplexing  technique  to  implement.  However,  with 
modulation  frequencies  reaching  100  GHz,  WDM  is  not  a  trivial  endeavor  to  undertake.  For 
example,  modulation  to  the  top  of  W-Band  at  110  GHz  requires  220  GHz  of  optical  bandwidth 
per  channel  (with  no  margin  between  channels).  That  is,  the  dual-sideband  nature  of  either  phase 
or  intensity  modulation  requires  an  optical  bandwidth  twice  the  maximum  modulation  frequency. 
Therefore,  “Conventional”  C-Band  optical  components  (1530-1565  nm  or  195.9-191.6  THz) 
support  about  18  W-Band  channels  with  a  10-GHz  guard  band  on  each  side  of  the  carrier. 
Furthermore,  this  type  of  architecture  cannot  be  implemented  with  standard  200-GHz  WDM 
filters,  which  are  readily  available.  A  200-GHz  Arrayed  Waveguide  Grating  (AWG),  which  is 
commonly  used  for  WDM  applications,  cannot  be  used  in  a  W-Band  implementation  without 
having  RF  spectral  overlap  between  channels.  However,  optical  bandsplitters,  typically  used  in 
an  add/drop  filter  configuration,  can  be  utilized.  For  example,  there  are  commercially  available 
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Fig.  11.  Measured  (symbols)  deviation  from  quadrature  for  a  1 10-GHz  MZM  (EOSPACE  S/N  329226). 


components  with  adequately  large  passbands  of  ±387.5  GHz  and  ±487.5  GHz  with  a  flat  top 
response  and  fairly  low  dispersion.  As  simple  exercise,  a  five -channel  grid  tailored  to  such  filters 
is  shown  in  Table  1,  which  spans  2  THz  on  either  side  of  the  center  channel. 

Another  issue  with  W-Band  WDM  addressed  with  the  data  in  Fig.  1 1  is  the  available 
bandwidth  within  the  MZM  transfer  function  (see  Fig.  1).  The  quadrature  bias  condition  can  be 
uniquely  achieved  for  only  one  wavelength,  as  can  be  seen  in  Fig.  11.  Applying  the  trend  in  Fig. 
1 1  to  the  grid  in  Table  1,  it  can  be  seen  that  the  bias  error  on  the  two  farthest  channels  from  center 
are  ±45°  (±7t/4).  Now,  by  way  of  (4)  this  error  in  bias  amounts  to  a  3-dB  penalty  in  RF  gain  for 
the  two  distal  channels.  This  may  be  able  to  be  compensated  for  in  some  situations  but  could  lead 
to  problems  in  others.  Another  issue  with  MZM  bias  error  is  the  generation  of  even-order 
distortion  that  is  absent  in  an  ideal  quadrature-biased  link.  This  can  be  seen  in  the  form  of  (3)  and 
is  also  detailed  in  [34].  Therefore,  careful  analysis  must  be  conducted  when  considering  such  a 
wide  bandwidth  in  multi-octave  applications. 
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5  SUMMARY  AND  CONCLUSIONS 


Analog  photonic  technologies  into  the  W-Band  (75-110  GHz)  are  now  commercially  available. 
The  required  optical  components  such  as  lasers,  fiber,  couplers,  filters,  amplifiers  and  switches 
are  for  the  most  part  the  same  that  have  been  traditionally  employed  in  microwave  photonics 
and/or  industrial  telecommunications  for  decades.  However,  the  E/0  (modulators)  and  0/E 
(photodetectors)  components  are  limited  to  a  few  vendors  and  lack  a  high-volume  application. 
The  leading  devices  have  been  characterized  in  this  report.  The  performance  is  acceptable  for 
some  applications  but  may  be  lacking  in  others,  such  as  high  sensitivity  links  requiring  low  noise 
figure.  There  is  room  for  improvement,  particularly  on  the  E/0  side,  but  major  advances  would 
require  significant  investment  of  resources.  Multiplexing  techniques  and  other  innovative 
architectural  methods  may  provide  solutions  to  mitigate  the  component  limitations.  Some  of  the 
former  have  been  outlined  here.  Some  architectural  techniques  might  include  cascaded 
approaches  on  the  E/0  side  [35,36]  and/or  the  0/E  side  [37].  Ultimately,  these  types  of 
approaches  need  to  be  evaluated  on  a  case-by-case  basis,  where  system  requirements  will 
determine  the  possible  photonic  designs.  In  any  event,  the  data  provided  in  this  report  provide  a 
starting  point  for  the  innovative  photonic  system  designer  to  address  millimeter-wave  capabilities. 
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